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WKHUPDO ORDGLQJXQGHUKDUVKHQYLURQPHQWKDVIRVWHUHGD ORWRI UHVHDUFKDFWLYLWLHV LQ1RUWK$PHULFDQDQG WKH*XOI





7XEHWRWXEHVKHHW MRLQWV XVHG LQ VWHDP ERLOHU KHDW H[FKDQJHU DQG VWHDP JHQHUDWRUV DUH QR H[FHSWLRQ 7\SLFDO
IDLOXUH WKDW PD\ UHVXOW IURP LPSURSHU H[SDQVLRQ DUH  OHDN VWUHVV FRUURVLRQ FUDFNLQJ OLJDPHQWPRYHPHQWV WXEH
H[WUXVLRQ WXEH IDWLJXH RYDOOLQJ DQG FUDFNHG OLJDPHQWV>@ 8QIRUWXQDWHO\ WKHVH IDLOXUHV KDYH EHHQ UHSRUWHG LQ
PDQ\ KHDW H[FKDQJHUV ERLOHUV DQG VWHDP JHQHUDWRUV DQG DUH DWWULEXWHG WR WKH ODFN RI WXEH H[SDQVLRQ SURFHVV
RSWLPL]DWLRQ>@7KHVWUXFWXUDOLQWHJULW\DQGWKHWLJKWQHVVRIWXEHWRWXEHVKHHWMRLQWVDUHSURYLGHGE\WKHUHVLGXDO




ULJLG MRLQWDQGDYRLGJURVV OHDNV8VXDOO\DVPDOOZHOGDURXQG WKH WXEHHQG LVDGGHG LQRUGHU WRDYRLGILQH OHDNV
7KHUHIRUHDQ\IOXLGWUDQVIHUEHWZHHQWKHWZRFLUFXLWVLVSUHYHQWHG$FFRUGLQJWRWKHIXQGDPHQWDOVRIWKHH[SDQVLRQ







RI WXEHV DQG SHUIRUDWHG SODWHV VHSDUDWHO\ EXW QRW WKH GHVLJQ LQYROYLQJ WKH DFWXDO IDEULFDWLRQ SURFHVV RI WXEHWR






WKH VHYHUDO IDLOXUHV RI KHDW H[FKDQJHUV XVLQJ WKHVH MRLQWV KDYH FRPSHOOHG UHVHDUFKHUV WR IRFXV PRUH RQ WKH
IXQGDPHQWDOVRIWKLVSURFHVVDQGLWVHIIHFWVRQWKHMRLQWWLJKWQHVV+RZHYHUWKHUHVHDUFKHIIRUWVFRQGXFWHGRQWXEH
WRWXEHVKHHW H[SDQVLRQ WRJHWKHU ZLWK WKHLU XVH LQ WKH VWHDP JHQHUDWRUV RI QXFOHDU SRZHU VWDWLRQV KDYH OHDG
:HVWLQJKRXVHLQWKHPLG¶VWRGHYHORSDQHZSURFHVVRIH[SDQVLRQWKDWXVHVK\GUDXOLFSUHVVXUHRIZDWHURURWKHU
IOXLGV7KLVSURFHVVEHFDPHTXLFNO\WKHFXUUHQWPHWKRGRIH[SDQVLRQLQWKHQXFOHDULQGXVWU\ 6RRQDIWHU WKHILUVW
DQDO\WLFDO DSSURDFK WRSUHGLFW WKHFRQWDFWSUHVVXUH LQK\GUDXOLFDOO\H[SDQGHG WXEHWRWXEHVKHHWZDVGHYHORSHGE\
.ULSV HW DO >@2WKHU UHVHDUFKHUV KDYH DOVR WUHDWHG WKLV VXEMHFW 7KH GLIIHUHQW VWXGLHV FRYHU WKH WKUHH DVSHFWV RI
DQDO\VLV LQFOXGLQJ WKH DQDO\WLFDO QXPHULFDO DQG H[SHULPHQWDO ZRUNV 7KH GHYHORSHG DQDO\WLFDO PRGHOV DQG WKH
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VKRZVWKDWLWKDVDPDMRULQIOXHQFHRQWKHUHVLGXDOVWUHVVHV7KLVSKHQRPHQRQWDNHVDOVRSODFHLQWKLQWXEHVVXFKDV
WKRVHRIH[SDQGHG MRLQWV'HSHQGLQJRQ WKH OHYHORI WKHPD[LPXPH[SDQVLRQSUHVVXUH WKH WXEHFDQEH LQUHYHUVH
\LHOGLQJDIWHUWKHSUHVVXUHLVUHOHDVH7KHFRPSUHVVLRQH[HUWHGE\WKHWXEHVKHHWKDVDVPDOOHUHIIHFWLIWKHWXEHLVLQ
UHYHUVH\LHOGLQJDVLWEHFRPHVOHVVULJLG7KHUHIRUHLJQRULQJUHYHUVH\LHOGZRXOGUHVXOWVLQKLJKHUUHVLGXDOFRQWDFW
SUHVVXUH DQG NLQHWLF KDUGHQLQJPDWHULDOVZRXOG DOVR SURGXFH OHVV FRQWDFW SUHVVXUH WKDQ WKHLU LVRWURSLF KDUGHQLQJ
FRXQWHUSDUWV7KHUHIRUH GXH WR%DXVFKLQJHU HIIHFW WKH FRQWDFW SUHVVXUH GHFUHDVHVPRUH UDSLGO\ DV WKH H[SDQVLRQ
SUHVVXUHLVUHOHDVHGOHDGLQJWRDQRYHUHVWLPDWLRQRIWKHUHVLGXDOSUHVVXUHE\H[LVWLQJDQDO\WLFDOPRGHOV7KHSXOORXW
WHVWVFRQGXFWHGRQH[SDQGHG MRLQWV>@FRQILUPWKHDERYHDQGSRLQW WR WKHRYHUHVWLPDWLRQRI WKHUHVLGXDOFRQWDFW
SUHVVXUHVE\WKHH[LVWLQJPRGHOV
7KLVSDSHUJLYHV WKHGHWDLOHG HTXDWLRQVRI DGHYHORSHGPRGHO WKDW HVWLPDWHV WKH UHVLGXDO FRQWDFW SUHVVXUHRI D
K\GUDXOLFDOO\ H[SDQGHG WXEHWRWXEHVKHHW MRLQW EDVHG RQ D NLQHWLF KDUGHQLQJ EHKDYLRU RI WKH WXEH DQG WXEHVKHHW
PDWHULDOV 7KHPRGHO LVYDOLGDWHGXVLQJ)(0DQGFRPSDULVRQZLWK LVRWURSLFKDUGHQLQJEHKDYLRU LVFRQGXFWHGRQ
WZRGLIIHUHQWPDWHULDODQGJHRPHWU\FDVHV7KH LPSRUWDQFHRI WKH WUXHPDWHULDOEHKDYLRU LVGLVFXVVHG ,QDGGLWLRQ




7KH H[SDQGHG MRLQW FRQVLVWLQJ RI WKH WXEH DQG WXEHVKHHW DUH RIWHQPRGHOOHG DV WZR FRQFHQWULF F\OLQGHUV 7KH
WXEHVKHHW LV WKHUHIRUH UHSODFHGE\ D VOHHYHZLWK DQ HTXLYDOHQW H[WHUQDO GLDPHWHU WKH H[SUHVVLRQRIZKLFK FDQEH
JLYHQLQ>@7KHPDWHULDOVIRUERWKWKHWXEHDQGWXEHVKHHWDUHFRQVLGHUHGWRIROORZDSRZHUODZZLWKDNLQHPDWLF
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7KH SODVWLFPRGHO LV EDVHG RQ+HQFNH\ GHIRUPDWLRQ WKHRU\ DQG WKH9RQ0LVHV \LHOG FULWHULD LV DSSOLHG ,W LV
VXSSRVHG WKDW WKHFOHDUDQFH LV UHODWLYHO\ELJ WRDVVXPH WKDW WKH WXEHXQGHUJRHVIXOOSODVWLFLW\EHIRUH LWFRPHV LQWR




 ([SDQVLRQZLWK SDUWLDO RU IXOO SODVWLF GHIRUPDWLRQ RI WKH WXEHVKHHW DQGZLWK RUZLWKRXW WXEH SDUWLDO RU IXOO
UHYHUVH\LHOGLQJ)LJVWHSVDGMNRU«GMO





8QGHUWKHSODQHVWUDLQFRQGLWLRQ zH  WKHFRQVWLWXWLYHHTXDWLRQVDFFRUGLQJWR+HQFN\GHIRUPDWLRQWKHRU\XQGHU
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ZKHUH eV DQG eH DUHUHVSHFWLYHO\WKHHTXLYDOHQWVWUHVVDQGVWUDLQJLYHQE\9RQ0LVHVFULWHULD
 
e rT
V V V    
7KHFRPSDWLELOLW\RIGHIRUPDWLRQXQGHUSODQHVWUDLQ




V V V    
2.1. Expansion without tubesheet yielding 
7RDYRLG WXEHVKHHWSODVWLFGHIRUPDWLRQ WKHPD[LPXPH[SDQVLRQSUHVVXUH ep LV WREH ORZHU WKDQ WKHSUHVVXUH




WKHVH OLQHVUHSUHVHQW WKHULJLGLW\RI WKHH[SDQGHG WXEHDQG LWVFDSDELOLW\ WR UHVLVWSUHVVXUH7KHUHIRUH WKHVORSH LQ





2.1.1. Step 1: Tube elastic deformation 













   
2.1.2. Step 2: Tube elastic-plastic deformation 
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(TXDWLRQLVYDOLGLQWKHHODVWLF]RQHDQGFDQEHXVHGWRGHWHUPLQHWKHGLVSODFHPHQWRIWKHWXEHRXWVLGHUDGLXV
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
7KHSUHVVXUHWKDWFDXVHVIXOOSODVWLFLW\LQWKHWXEHLVJLYHQE\(T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
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2.1.3. Step 3: Tube plastic deformation and closing of the initial clearance 
,I ip LV LQFUHDVHG EH\RQG atp  (T LV VWLOO YDOLG IRU WKH ZKROH WXEH 6XEVWLWXWLQJ (T LQWR (T DQG
LQWHJUDWLQJ EHWZHHQ ir DQG or DQG QRWLQJ WKDW  tr i ir pV   DQG   
t
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:KHQWKHWXEHFRPHVLQWRFRQWDFWZLWKWKHWXEHVKHHWWKHGLVSODFHPHQWDW or r JLYHQE\(TLVHTXDOWRWKH
FOHDUDQFHFDQGWKHUHIRUHWKHSUHVVXUHUHTXLUHGWRFORVHWKHJDSLV
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2.1.4. Step 4: Elastic deformation of tubesheet 
,IWKHSUHVVXUHLVLQFUHDVHGDIWHUWKHWXEHFRPHVLQWRFRQWDFWZLWKWKHWXEHVKHHWWKHIRUPHUFRQWLQXHVWRGHIRUP
SODVWLFDOO\ZKLOH WKH ODWWHUGHIRUPVHODVWLFDOO\E\XQGHUJRLQJ WKHVDPHGLVSODFHPHQWDV WKH WXEH7KLV LVVKRZQLQ
VWHSRI)LJIURPSRLQWDWREXSWRSRLQWF$FRQWDFWSUHVVXUH cp LVJHQHUDWHGDWWKHLQWHUIDFHWDNLQJDPD[LPXP
YDOXHRI cmp DW WKHPD[LPXPH[SDQVLRQYDOXHRI ep 7KHPD[LPXPH[SDQVLRQSUHVVXUH ep UHPDLQVORZHUWKDQWKH
H[SDQVLRQSUHVVXUHWKDWVWDUWVWXEHVKHHW\LHOGLQJ ysp 7KHFDVHZKHUH ep LVKLJKHUWKDQ ysp ZLOOEHWUHDWHGEHORZ
'XULQJWKLVVWHSWKHLQWHUIDFHGLVSODFHPHQWDQGWKHVWUHVVVWDWHFDQEHGHWHUPLQHGLIWKHFRQWDFWSUHVVXUH cp LVNQRZQ
7KLVLVREWDLQHGE\FRQVLGHULQJWKHJHRPHWULFDOFRPSDWLELOLW\HTXDWLRQRIGLVSODFHPHQWRIWKHWXEHDQGWXEHVKHHWDW
WKHLULQWHUIDFHZKHUH o ir R DQGLVJLYHQE\
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3XWWLQJ ir R LQ(TDQGVXEVWLWXWLQJLQWR(TDQGWKHQLQWR(TWKHFRQVWDQW&LVWKHQREWDLQHGDQG
WKHUHIRUHDIWHULWVVXEVWLWXWLRQLQWR(TZKLFKLQWXUQLVVXEVWLWXWHGLQ(TJLYHVWKHUDGLDOVWUHVVDV
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7KHFRQWDFWSUHVVXUH cp LVREWDLQHGE\QRWLQJWKDWWKHUDGLDOVWUHVVLQ(TLVHTXDOWRWKHFRQWDFWSUHVVXUH cp
DWWKHRXWHUUDGLXVDQGVROYLQJ
2.2. Expansion with tubesheet plastic deformation 
2.2.1. Step 5: Tubesheet elastoplastic deformation 
5HIHUULQJWR)LJWKHFRQWDFWSUHVVXUH cysp UHTXLUHGWRVWDUWWXEHVKHHW\LHOGLQJLVJLYHQE\(TUHSODFLQJWKH
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(TXDWLRQ  LV LQVHUWHG LQWR (T DQG WKHQ LQWR (T WKH FRQVWDQW & LV WKHQ REWDLQHG 7KH ODWWHU LV
VXEVWLWXWHGLQWR(TZKLFKLQWXUQLVVXEVWLWXWHGLQ(TWKHLQWHJUDWLRQRIZKLFKJLYHVWKHUDGLDOVWUHVVDV
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7KHUDGLDOVWUHVVRIWKHWXEHDQGWXEHVKHHWDUHHTXDODWWKHLQWHUIDFHUDGLXV1RWLQJWKDWWKHUDGLDOVWUHVVLVHTXDOWR
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2.2.2. Step 6: Tubesheet plastic deformation 
,I ip LVLQFUHDVHGEH\RQGDFHUWDLQYDOXHWKHWXEHVKHHWZLOOEHIXOO\SODVWLF6XEVWLWXWLQJ(TLQWR(TDQG
LQWHJUDWLQJ EHWZHHQ iR DQG oR DQG QRWLQJ WKDW  tr i cR pV   DQG   
t
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3XWWLQJ ir R LQ(TDQGVXEVWLWXWLQJLQWR(TDQGWKHQLQWR(TWKHFRQVWDQW&LVWKHQREWDLQHGDQG
WKHUHIRUHDIWHULWVVXEVWLWXWLRQLQWR(TZKLFKLQWXUQLVVXEVWLWXWHGLQ(TJLYHVWKHUDGLDOVWUHVVLQWKHWXEHDV
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
7KHFRQWDFWSUHVVXUH cp LVREWDLQHGE\QRWLQJWKDWWKHUDGLDOVWUHVVLQ(TLVHTXDOWRWKHFRQWDFWSUHVVXUH cp
DWWKHRXWHUUDGLXVDQGVROYLQJ
2.2.3. Step 7: Unloading without reverse yielding 
$IWHUUHDFKLQJ LWVPD[LPXPYDOXH ep  WKHUHOHDVHRISUHVVXUH LQYROYHV WKHVLPXOWDQHRXVHODVWLFUHFRYHU\RI WKH
WXEHDQGWKHWXEHVKHHW7KHFRQWDFWSUHVVXUHLVREWDLQHGE\DQDO\]LQJWKHFKDQJHLQWKHUDGLDOGLVSODFHPHQWRIWKH
WXEHDQGWXEHVKHHWDWWKHLULQWHUIDFH7KLVFKDQJHPXVWEHWKHVDPHVXFKWKDW
   t sr o r iu r u R'  '   
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'XULQJXQORDGLQJWKHWXEHUHODWLYHUDGLDOGLVSODFHPHQWLVJLYHQE\WKHHODVWLFUHFRYHU\IURPWKHVWDWHZKHUHLWLV
VXEMHFWHGWRWKHPD[LPDOLQWHUQDODQGH[WHUQDOSUHVVXUHV ep DQG cmp DQGDORZHUVWDWHOHYHOZKHUHLWLVVXEMHFWHGWR
WKHLQWHUQDODQGH[WHUQDOSUHVVXUHV ip DQG cP VXFKWKDW
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KHWXEHVKHHWUHODWLYHUDGLDOGLVSODFHPHQWLVJLYHQE\WKHHODVWLFUHFRYHU\IURPWKHVWDWHZKHUHLWLVVXEMHFWHGWR
PD[LPDOLQWHUQDOFRQWDFWSUHVVXUHV cmp WRWKHORZHUVWDWHOHYHOZKHUHLWLVVXEMHFWHGWRWKHLQWHUQDOSUHVVXUH cp VXFK
WKDW













(YDOXDWLRQRI(TVDQGDWUHVSHFWLYHO\ or DQG iR DQGVXEVWLWXWLRQLQWR(TJLYHVǃ






















7KHUHVLGXDOFRQWDFWSUHVVXUH cp LVJLYHQE\SXWWLQJ ip HTXDOWR]HURLQ(TVXFKWKDW

c cm ep p pO    
2.2.4. Step 8: Unloading with tube in partial reverse yielding 
'XULQJXQORDGLQJUHYHUVH\LHOGLQJRI WKHWXEHRFFXUVZKHQWKHFKDQJHLQVWUHVVIURPWKHPD[LPXPH[SDQVLRQ
SUHVVXUH VWDWH LV JUHDWHU WKDQ WKH XQORDGLQJ \LHOG VWUHVV ytuS ZKLFK LV XVXDOO\ HTXDO WR  ytS  (TXDWLRQ  LV
DSSOLFDEOHIRUSDUWLDOUHYHUVH\LHOGLQJE\UHSODFLQJ ip ZLWK e ip p  ytS E\ ytuS DQG tE E\ tuE 7KHFDVHRI.LQHWLQJ
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(TXDWLRQ  IRU WKH FKDQJH RI UDGLDO GLVSODFHPHQW LV DOVR DSSOLFDEOH UHSODFLQJ ytS E\ ytuS DQG tE E\ tuE VXFK
WKDW










'    
7KHFKDQJHLQUDGLDOVWUHVVDWWKHWXEHRXWVLGHUDGLXVLVHTXDOWRWKHFKDQJHLQFRQWDFWSUHVVXUH cm cp p 1RWLQJ
WKDWDWWKHVWDUWRIUHYHUVH\LHOGLQJWKHFKDQJHLQSUHVVXUHVRIDF\OLQGHUVXEMHFWHGWRLQWHUQDODQGH[WHUQDOSUHVVXUH
GLIIHUHQFH LV JLYHQ E\ (T 7KHUHIRUH VXEVWLWXWLQJ (T LQWR (T DQG UHSODFLQJ WKH SUHVVXUH ysp E\

















2.2.5. Step 9: Unloading with tube in full reverse yielding 
6XEVWLWXWLQJ (T LQWR (T DQG LQWHJUDWLQJ EHWZHHQ ir DQG or DQG QRWLQJ WKDW  tr i er PV   DQG 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7KHUDGLDOVWUHVVFKDQJHVLVJLYHQE\
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RI WKHFXWSODQHV7KHJHRPHWULFDO DQGPHFKDQLFDO FKDUDFWHULVWLFVRI WKH WZRVWXGLHG MRLQWV DUHREWDLQHG IURP WKH




$ PHVK UHILQHPHQW FRQYHUJHQFH FULWHULRQ EDVHG RQ OHVV WKDQ  RQ WKH UHVLGXDO FRQWDFW SUHVVXUH ZDV
LPSOHPHQWHG7KH)(SODQHPRGHOSUHVHQWHGLQ)LJZDVSUHIHUUHGWRDQD[LV\PPHWULFDOPRGHOEHFDXVHLWLVVLPSOH
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WRJHQHUDWHDQGIDVWHUWRUHVROYH3UHYLRXVVWXGLHV>@FRQGXFWHGRQVLPLODUH[SDQGHGMRLQWVVKRZHGWKDWWKHUH
LV QR VLJQLILFDQW GLIIHUHQFH EHWZHHQ SODQH VWUHVV DQG D[LV\PPHWULF PRGHOV ZKHQ VWXG\LQJ FRQWDFW SUHVVXUH DQG







 Case 1 [18] Case 2 [12] 
 Tube Tubesheet Tube Tubesheet 
ro, Ro(mm-in)    








































n, m    
Pe (MPa-ksi)  
C (mm-in)  
5HVXOWVDQG'LVFXVVLRQ
7KH GHYHORSHG DQDO\WLFDO PRGHO ZHQW WKURXJK D ULJRURXV VWUHVV DQDO\VLV FRPSDULVRQ ZLWK LWV QXPHULFDO )(0
FRXQWHUSDUW EHIRUH WKH FXUUHQW LQYHVWLJDWLRQ RQ WKH PDWHULDO EHKDYLRU ZDV ODXQFKHG 6WUHVVHV GHIRUPDWLRQV DQG
FRQWDFWSUHVVXUHDVDIXQFWLRQRIWKHK\GUDXOLFSUHVVXUHYDULDWLRQGXULQJWKHH[SDQVLRQSURFHVVZHUHFRPSDUHG$VD
VDPSOH RI WKH FRPSDULVRQ )LJV  DQG  VKRZ WKH YDULDWLRQ RI WKH LQWHUIDFH FRQWDFW SUHVVXUH DQG WKH UDGLDO
GLVSODFHPHQW RI WKH WXEH RXWVLGH GLDPHWHUZLWK WKH DSSOLFDWLRQ RI WKH H[SDQVLRQ SUHVVXUH  7KH JUDSKV VKRZ WKH
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UHVXOWVRIWKHWZRH[SDQGHGMRLQWVFDVHVDQGGHWDLOHGLQ7DEOHDQGVXEMHFWHGWRDPD[LPXPH[SDQVLRQSUHVVXUH
RIDQG03DUHVSHFWLYHO\7KHVHWZRSDUDPHWHUVDUHGHSLFWHGGXULQJWKHWZRORDGLQJDQGXQORDGLQJSKDVHV




ILQDO YDOXHV DUH RQO\  DQG   7KLV LQGLFDWHV WKDW+HQFNH\ GHIRUPDWLRQ WKHRU\ JLYHV DFFHSWDEOH UHVXOWV DV
FRPSDUHGWRWKHPRUHDFFXUDWHLQFUHPHQWDOWKHRU\XVHGE\WKH)(0VRIWZDUH,WLVZRUWKQRWLQJWKDWWKHUHDUHWKH
GLIIHUHQW VHJPHQWV WKH VORSHRIZKLFK UHSUHVHQWV WKH ULJLGLW\ WKHH[SDQGHG MRLQWZKLFKFKDQJHVGHSHQGLQJRQ WKH







































7KHHODVWLFSHUIHFWO\SODVWLF FDVHSUHGLFWV WKH ORZHVWH[SDQVLRQSUHVVXUHV IROORZHGE\ WKHNLQHPDWLFKDUGHQLQJ
FDVHDQGILQDOO\WKHLVRWURSLFKDUGHQLQJFDVH7KHGLIIHUHQFHEHWZHHQSODQHVWUDLQDQGSODQHVWUHVVLVQRWVLJQLILFDQW
DV LQ WKHFDVHZLWK WKH UHVLGXDOFRQWDFWSUHVVXUH7KHVHFXUYHVFDQJLYHDQ LGHDRQ WKH OLPLWLQJSUHVVXUH WRDYRLG
UHYHUVH\LHOGLQJ DQGDFKLHYHKLJKHU UHVLGXDO FRQWDFW SUHVVXUHV7KLV VWXG\ VKRZV WKDW UHYHUVH\LHOGLQJ DIIHFWV WKH





WKHLUVWUXFWXUDO LQWHJULW\7KHGHYHORSHGDQDO\WLFDOPRGHOZDVYDOLGDWHGDJDLQVW)($DW WKHGLIIHUHQWVWDJHVRI WKH
H[SDQVLRQSURFHVVDQGZDVIRXQGWRJLYHDJRRGHVWLPDWHRIUHVLGXDOFRQWDFWSUHVVXUHVDQGVWUHVVHVLQK\GUDXOLFDOO\




7KH )(0 VWXG\ VKRZHG QR VLJQLILFDQW GLIIHUHQFH EHWZHHQ SODQH VWUDLQ DQG SODQH VWUHVV LQ WKH HYDOXDWLRQ RI WKH
UHVLGXDOFRQWDFWSUHVVXUH
$FNQRZOHGJHPHQWV






WKH 8SSHU 5ROO 7UDQVLWLRQ LQ RQFH WKURXJK 6WHDP *HQHUDWRUV IURP 2FRQHH 8QLW  3URF RI WKH WK ,QWHUQDWLRQDO 6\PSRVLXP RQ
(QYLURQPHQWDO'HJUDGDWLRQRI0DWHULDOVLQ1XFOHDU3RZHU6\VWHPV:DWHU5HDFWRUV±
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